ABSTRACT: Mitogen-activated protein kinase (MAPK) pathways regulate many cellular functions including cell proliferation and apoptosis. We examined associations of differential gene and microRNA (miRNA) expression between carcinoma and paired normal mucosa for 241 genes in the KEGG-identified MAPK-signaling pathway among 217 colorectal cancer (CRC) cases. Gene expression data (RNA-Seq) and miRNA expression data (Agilent Human miRNA Microarray V19.0; Agilent Technologies Inc., Santa Clara, CA, USA) were analyzed. We first identified genes most strongly associated with CRC using a fold change (FC) of >1.50 or <0.67) that were statistically significant after adjustment for multiple comparisons. We then determined miRNAs associated with dysregulated genes and through miRNA:mRNA (messenger RNA) seed region matches discerned genes with a greater likelihood of having a direct biological association. Ninety-nine genes had a meaningful FC for all CRC, microsatellite unstable-specific tumors, or microsatellite stable-specific tumors. Thirteen dysregulated genes were associated with miRNAs, totaling 68 miRNA:mRNA associations. Thirteen of the miRNA:mRNA associations had seed region matches where the differential expression between the miRNA and mRNA was inversely related suggesting a direct association as a result of their binding. Several direct associations, upstream of ERK1/ERK2, JNK, and p38, were found for PDGFRA with 7 miRNAs; RASGRP3 and PRKCB with miR-203a; and TGFBR1 with miR-6071 and miR-2117. Other associations between miRNAs and mRNAs are most likely indirect, resulting from feedback and feed forward loops. Our results suggest that miRNAs may alter MAPK signaling through direct binding with key genes in this pathway. We encourage others to validate results in targeted CRC experiments that can help solidify important therapeutic targets.
Introduction
Mitogen-activated protein kinases (MAPKs) are involved in the regulation of cell proliferation, differentiation, migration, and apoptosis and can influence gene expression. 1 The 3 major MAPK pathways are extracellular-regulated kinases 1 and 2 (ERK1/ERK2), c-Jun-N-terminal kinases ( JNKs), and p38 (MAPK14). ERK1/ERK2s are activated by growth factors and cytokines. 1, 2 The JNK pathway is involved in regulating responses to stress, inflammation, and apoptosis and is activated by radiation, environmental stresses, and growth factors. P38 MAPKs are involved in autoimmunity and are activated by chemical stresses, hormones, and cytokines including IL-1 (interleukin 1) and TNF (tumor necrosis factor) 1, 3 and targets several transcription factors (TFs) including NF-κB (nuclear factor κB) and TP53. 3 Within each of these major MAPK pathways is 3-tiered and includes an MAP kinase kinase kinase (MAP3K, MEKK, or MKKK), MAP kinase kinase (MAP2K, MEK, or MKK), and the MAP kinase (MAPK). Dualspecificity MAPK phosphatases (MKPs or DUSPs) modulate the activity of MAPKs.
MAPK signaling can mediate microRNAs (miRNAs), small noncoding RNAs that regulate gene expression through translation repression or degradation of messenger RNA (mRNAs). 4 One mechanism through which MAPK may affect miRNAs is through their ability to stabilize Dicer, the enzyme that cleaves double-stranded RNA and pre-miRNA into small-interfering RNA and miRNA. TRBP (HIV-1 TAR RNA-binding protein), which is regulated by the MAPK pathway ERK, stabilizes Dicer, regulating miRNA biogenesis. 4, 5 In addition, several miRNAs have been associated with components of MAPK signaling. MiR-101 has been shown to target MAPK phosphatase-1 (MKP-1), which is involved in inflammatory response. 6 Although miR-101 has been linked to MKP-1, many other miRNAs have been associated with various components of immune response, 6 suggesting that other miRNAs also might be related to MKP-1. Both miR-4728 and miR-564 have been shown to be an antagonist of MAPK signaling in breast cancer. 7, 8 The interactions between miRNAs and genes in the MAPK-signaling pathway in colorectal cancer (CRC) have not been explored, although studies have shown the importance of MAPK signaling in the cause and progression of CRC. 9 In this study, we focused on the genes identified in Kyoto Encyclopedia of Genes and Genomes (KEGG) MAPK-signaling pathway. We identified genes within the MAPK-signaling 2 Cancer Informatics pathway that were significantly dysregulated in CRC tissue when comparing carcinoma with adjacent normal mucosa. Evaluation of those mRNAs with a fold change (FC) of >1.50 or <0.67 with dysregulated miRNAs enabled us to identify miRNA:mRNA associations. Further evaluation of seed region matches between the miRNA and mRNA provided an indication of whether the miRNA was directly influencing gene expression or if the association was one of an indirect nature in that gene expression was altered because of binding elsewhere that influenced feedback loops in the pathway.
Methods

Study participants
Two population-based case-control studies, including all incident patients with colon and rectal cancer diagnosed between 30 and 79 years of age in Utah or who were members of Kaiser Permanente Northern California (KPNC), were used. For the colon cancer study, participants were non-Hispanic white, Hispanic, or black; for the rectal cancer study, Asian participants were included. 10, 11 Cases were verified by tumor registry as a first primary adenocarcinoma of the colon or rectum, diagnosed between October 1991 and September 1994 (colon study) or between May 1997 and May 2001 (rectal study). 12 The study was approved by the Institutional Review Boards at the University of Utah and at KPNC.
RNA processing
Formalin-fixed paraffin embedded tissue from either the initial biopsy or surgery was used for RNA extraction. RNA was extracted, isolated, and purified from carcinoma tissue and adjacent normal mucosa as previously described. 13 We observed no differences in RNA quality based on age of the tissue.
mRNA: RNA-Seq sequencing library preparation and data processing
Total RNA from 245 colorectal carcinoma and normal mucosa pairs was chosen for sequencing based on availability of RNA and high-quality miRNA data to have both mRNA and miRNA from the same individuals; the 217 pairs that passed quality control (QC) were used in these analyses. 14 RNA library construction was performed with the Illumina TruSeq Stranded Total RNA Sample Preparation Kit with Ribo-Zero (Illumina Inc., San Diego, CA, USA). The samples were then fragmented and primed for complementary DNA (cDNA) synthesis, adapters were then ligated onto the cDNA, and the resulting samples were then amplified using polymerase chain reaction (PCR); the amplified library was then purified using Agencourt AMPure XP beads (Beckman Coulter, Inc. CA, USA). A more detailed description of the methods can be found in our previous work. 15 Illumina TruSeq v3 single-read flow cell and a 50-cycle single-read sequence run were performed on an Illumina HiSeq instrument. Reads were aligned to a sequence database containing the human genome (build GRCh37/hg19, February 2009, from genome.ucsc.edu) and alignment was performed using Novoalign v2.08.01. Total gene counts were calculated for each exon and untranslated region (UTR) of the genes using gene coordinates obtained from http://genome.ucsc.edu. Genes that were not expressed in our RNA-Seq data or for which the expression was missing for most of the samples were excluded from further analysis. 15 
MicroRNA
The Agilent Human miRNA Microarray V19.0 (Agilent Technologies Inc., Santa Clara, CA, USA) was used. Data were required to pass QC parameters established by Agilent that included tests for excessive background fluorescence, excessive variation among probe sequence replicates on the array, and measures of the total gene signal on the array to assess low signal. Samples failing to meet quality standards were relabeled, hybridized to arrays, and rescanned. If a sample failed QC assessment a second time, the sample was excluded from analysis. The repeatability associated with this microarray was extremely high (r = .98) 12 ; comparison of miRNA expression levels obtained from the Agilent microarray with those obtained from quantitative PCR had an agreement of 100% in terms of directionality of findings and the FCs were almost identical. 16 To normalize differences in miRNA expression that could be attributed to the array, amount of RNA, location on array, or factors that could erroneously influence miRNA expression levels, total gene signal was normalized by multiplying each sample by a scaling factor which was the median of the 75th percentiles of all the samples divided by the individual 75th percentile of each sample. 17 
MAPK-signaling genes
The KEGG (www.genome.jp/kegg/pathway/hsa/hsa04010.html) pathway map for MAPK signaling was used to identify genes. We identified 255 genes (Supplemental Table S1 ) in this signaling pathway; 241 of these genes had sufficient expression in CRC tissue for statistical analysis.
Statistical methods
We performed negative binomial mixed effects modeling in SAS (accounting for carcinoma/normal status as well as subject effect) to determine which genes in the MAPK-signaling pathway had a statistically significant difference in expression between individually paired CRC and normal mucosa and their related FC. We offset the overall exposure as the log of the expression of all identified protein-coding genes in the negative binomial model (n = 17 461). The Benjamini and Hochberg 18 method was used to control the false discovery rate
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(FDR) with a value of <0.05. An FC greater than 1 indicates a positive differential expression (ie, upregulated in carcinoma tissue); an FC between 0 and 1 indicates a negative differential expression (ie, downregulated in carcinoma tissue). We calculated the level of expression of each gene by dividing the total expression for that gene in an individual by the total expression of all protein-coding genes per million transcripts (RPMPCG or reads per million protein-coding genes). We considered overall CRC differential expression as well as differential expression for microsatellite unstable (MSI) and stable (MSS) tumors separately.
We focused on those genes and miRNAs with FCs of >1.50 or <0.67 to have find meaningful biological differences between carcinoma and normal samples. There were 814 miRNAs expressed in greater than 20% of normal colorectal mucosa samples that were analyzed; differential expression was calculated using subject-level paired data as the expression in the carcinoma tissue minus the expression in the normal mucosa. In these analyses, we fit a least squares linear regression model to the RPMPCG differential expression levels and miRNA differential expression levels. P values were generated using the bootstrap method by creating a distribution of 10 000 F statistics derived by resampling the residuals from the null hypothesis model of no association between gene expression and miRNA expression using the boot package in R. Linear models were adjusted for age and sex. Multiplicity adjustments for gene/ miRNA associations were made at the gene level using the FDR by Benjamini and Hochberg. 18 
Bioinformatics analysis
We analyzed significantly associated genes with FC of <0.67 and >1.50 for seed region matches with miRNAs. The mRNA 3ʹ UTR FASTA as well as the seed region sequence of the associated miRNA was analyzed to determine seed region pairings between miRNA and mRNA. MicroRNA seed regions were calculated as described in our previous work 19 ; we included seeds of 6, 7, and 8 nucleotides in length. A seed match would increase the likelihood that an identified miRNA:mRNA interaction was more likely to have a direct biological effect on expression given a higher propensity for binding. Because miRTarBase 20 uses findings from many different investigations and alignments, we used FASTA sequences generated from both GRCh37 and GRCh38 Homo sapiens, using UCSC Table Browser (https://genome.ucsc.edu/ cgi-bin/hgTables). 21 FASTA sequences that matched our Ensembl IDs and had consensus coding sequences available were downloaded. Scripts in R 3.2.3 and in perl 5.018002 were used to conduct the analysis.
Results
The study population comprised 77.9% of participants who were diagnosed with first primary colon cancer and 22.1% with first primary rectal cancer ( Table 1) . Most of the study participants were men (54.4%) and non-Hispanic white (74.2%). The most common tumor mutation was in TP53 (47.5%); 13.4% had an MSI tumor.
Of the 241 genes analyzed in the KEGG MAPK pathway, 83 (34.4%) were statistically significantly dysregulated in CRC overall with an FC of >1.50 or <0.67 (Table 2; Supplemental  Table S2 has a list of all genes in the pathway). Of these 83 dysregulated genes, 60 were downregulated and 23 were upregulated. The most downregulated genes were fibroblast growth factor 9 (FGF9) (FC 0.18), protein phosphatase 3 regulatory subunit B (PPP3R2) (FC 0.21), and 2 calcium channel voltage-dependent genes subunit gamma 3 and 7 (CACNG3 and CACNG7) (FC 0.25). Interestingly, 2 of the most upregulated genes were also FGFs (FGF20 FC 5.29 and FGF19 FC 9.42). The gene that was most upregulated in carcinomas was CACNG4 (FC 3.30). Figure 1 illustrates the up-and downregulated genes in the MAPK pathway.
Because more than 85% of tumors were considered MSS, it is not surprising that findings for mRNA expression in CRCs and for MSS-specific cancers were almost identical (see Supplemental Table S3 for MSS-specific associations). Five genes, CACNB4 (FC MSS 0.65), MAP3K6 (FC MSS 0.66), CD14 
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Cancer Informatics Of the 99 dysregulated genes identified overall or for MSSor MSI-specific tumors, 13 were associated with miRNAs for a total of 68 miRNA:mRNA associations after adjustment for multiple comparisons (Table 3) . Several genes were associated with 2 or 3 miRNAs, such as RASGRP2, MAP4K1, IL1R1, DUSP4, RAC2, RASGRP3, and PRKCB. HSPA8 was associated with 5 miRNAs, whereas PDGFRB and MEF2C were associated with 6 miRNAs. TGFBR1 (11 miRNAs), PDGFRA (10 miRNAs), and MYC (12 miRNAs) had the most associations with miRNAs. Thirteen of the miRNAs:mRNA seed region matches (MEF2C with miR-203a; TGFBR1 with miR-2117 and miR-6071; DUSP4 with miR-193b-3p; PDGFRA with miR-17-5p, miR-19b-3p, miR-203a, miR-20a-5p, miR20b-5p, miR-29b-3p, miR-501-3p; RASGRP3 with miR-429; and PRKCB and miR-203a) were inversely associated suggesting a greater likelihood of a direct effect between the miRNA and mRNA. Notably, none of the miRNAs associated with MYC had a seed region match, whereas all of the miRNAs associated with PDGFRA had a seed region match. Many miRNAs were associated with multiple mRNAs (Table 4) . Both miR-150-5p and miR-650 were associated with the same 7 genes. Three of these genes had a seed region match for miR-150-5p (PDGFRA, RASGRP3, and PRKCB), whereas miR-650 only had a seed region match with PDGFRA. MiR-203a was associated with 5 mRNAs, 3 of which (MEF2C, PDGFRA, and PRKCB) had a seed region match. MiR-193b-3p was associated with 4 genes, 3 of which had a seed region match (MEF2C, PDGFRB, and DUSP4). 
Discussion
Roughly 41% of genes in the MAPK-signaling pathway were dysregulated in CRCs when considering all cancers as well as MSI and MSS tumors. Genes both upstream and downstream of ERK1/ERK2, JNK, p38, and ERK5 were dysregulated, implying that all MAPK-signaling pathway arms may be involved in CRC. Of the 99 dysregulated genes, 13 were associated with miRNAs and 13 of the 68 miRNA:mRNA associations had both a seed region match with a negative β coefficient between the differential expression of the miRNA and mRNA, suggesting a greater likelihood that these genes were directly influenced by miRNA binding. We focus our discussion mainly on those genes and their associated miRNAs given their greater probability of being useful targets for examining prognosis or therapeutic agents.
Given the number of associations observed between miRNAs and mRNAs in the MAPK-signaling pathway, interpretation of results can be difficult. Seed region matches between the miRNA and the 3ʹUTR of the mRNA can increase the likelihood that binding occurs that can alter the gene expression. However, other associations between miRNAs and mRNAs in the MAPK-signaling pathway, such as those in which there is a positive β coefficient or no identified seed match, suggest an indirect biological effect. Indirect effects most likely operate through a feedback or feed forward loop. [22] [23] [24] In feedback loops, regulators such as miRNAs can have either the same effect (repression of expression) or opposite effects on each other. 23 In feed forward loops, a TF regulates the miRNA and the target gene (TG), which in turn is regulated by the miRNA. In this instance, the miRNA may regulate the TG directly, through seed region binding leading to mRNA degradation or translational repression, or indirectly, through repression of the TF that is influencing transcription of the same TG. Studies suggest that regulatory pathways involving miRNAs are prevalent mechanisms of altering gene expression. 23 Examination of the MAPK-signaling pathway focusing on those miRNA:mRNA associations that have a greater likelihood of a direct effect, given both a seed region match and an inverse association between the differentially expressed miRNA and mRNA, may help provide focus on targets that may be the most rewarding in terms of future research relating to targeted therapeutics. Within each of the major components of the signaling pathway, ie, ERK1/2, JNK, and p38, we identified miRNA:mRNA associations of potential importance. In the classical arm of the pathway (see Figure 1) , several factors including the growth hormone PDGFRA, RASGRP3 which can alter immune function as well as activate RAS genes, and PRKCB, a protein kinase involved in numerous cell functions including apoptosis and cell proliferation, had associations with miRNAs that suggested a direct biological effect. PDGFRA was inversely associated with 7 miRNAs, 5 of which were in the miR17-92 cluster as well as with miR-203a and miR-501-3p. Differential expression of PRKCB was inversely associated with differential expression of miR-203a. Downstream of these associations, several of these miRNAs were associated with DUSP4 and MYC, suggesting an indirect effect between miRNAs and these genes. Upregulation of 8 
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Cancer Informatics miR-203, as in our CRC data, has been shown to inhibit proliferation and metastasis in CRC. 25 Studies support that miR-150 and the miR17-92 cluster are functionally involved in immune function and cell survival and proliferation. 26 Others have reviewed components of the ERK1/ERK2 MAPK pathway that are associated with various cancers. 27 Several miRNAs were identified as targeting EGFR and RAS genes. Of these miRNAs, miR-145 previously was associated with EGFR, and we identified this miRNA as also being associated with PDGFRA. As our analysis of miRNA:mRNA interactions focused only on those genes that were significantly differently expressed at levels >1.50 or <0.67, we did not assess miRNAs with EGFR (FC 0.81) or any of the RAS genes specifically. Our findings instead focused on miRNA:mRNA associations that could alter RAS gene function because of downstream effects. Our findings along with those of MasliahPlanchon et al 27 suggest the need for further research into miRNA:mRNA interactions that appear to have a direct effect and may yield useful biomarkers that can be used for prognosis as well as therapeutic purposes. Previous studies have shown that higher TRBP expression increased expression of miR-17 and miR-20a, both which were upregulated in our data 4 ; TRBP is regulated by the MAPK/ERK pathway 4 suggesting another indirect effect between genes in this signaling pathway and miRNAs.
The JNK/p38 arm of the KEGG MAPK-signaling pathway also had miRNA:mRNA associations that would imply a direct effect. Some associations, including IL1R1 with miR-214-3p and TFGBR1 with miR-2217 and miR-6071, were upstream of JNK and p38, implying an impact on factors that alter activation of the pathway. Other direct biological associations were observed between MEF2C and miR-193b-3p and miR-203a, downstream of p38. Again these direct biological associations suggest potential targets for future research. IL1R has previously been associated with miR-378, 27 although we did not see an association with this miRNA in our CRC data. Other studies have shown that miR-125a-3p can upregulate p38 in orofacial tissue 28 ; however, we also did not see an association between this miRNA and any genes within the p38 arm of the pathway.
Our study represents one of the largest reported to date that includes paired expression levels for both miRNAs and mRNA; however, the sample size is still considered small to examine several factors including their effects on prognosis. A strength is our paired samples of carcinoma and normal mucosa, although it should be recognized that normal mucosa may not be truly "normal." Despite this limitation, the normal mucosa samples we used were the closest normal mucosa that could be obtained for a matched paired analysis. In addition, normal colonic mucosa was taken from the same colonic site as the tumor and the miRNA and mRNA data were generated from the same RNA prep. We did not examine all statistically significant genes that were differentially expressed and miRNAs, but focused on those that also had an FC of >1.50 or <0.67.
Using these cut points to define further analysis with miRNAs, we could have missed genes associated with miRNAs. We exclusively used the KEGG pathway database to identify signaling pathway genes, and genes not identified in KEGG that may be related to the pathway and have an impact of expression of both miRNA and mRNA were not examined. An important limitation in our data in evaluating the impact of miRNA on genes in the pathway was our use of mRNA expression data. Because miRNAs could have part or even most of their impact posttranscriptionally, we could have missed important associations. However, much of the current information on miRNA TGs comes from gene expression data. At any rate, observed associations may still have important biological meaning, but it must be acknowledged that important associations could have been missed. 20, 29 In conclusion, we show that the MAPK-signaling pathway is dysregulated in CRC and that several dysregulated genes in this pathway are associated with miRNAs. Some inverse associations were noted with negative β coefficients and seed region matches between the miRNA and mRNA, suggesting that these miRNAs directly repress gene expression and thus alter MAPK signaling. Other associations, that were both downstream or upstream of these direct biological miRNA:mRNA associations, may further result in disruption of the pathway. We encourage others to both replicate these findings and validate results in targeted laboratory experiments that can help solidify important therapeutic targets.
